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Abstract
Arachnoidal fibrosis following subarachnoid hemorrhage (SAH) has been suggested to play a pathogenic role in the
development of late post-hemorrhagic hydrocephalus in humans. The purpose of this study was to investigate the rate of
collagen synthesis in the arachnoid and the dura in the rat under normal conditions and to study the time schedule and the
localization of the increased collagen synthesis following an experimental SAH. We found that the activity of prolyl
4-hydroxylase, a key enzyme in collagen synthesis, was 3-fold higher in the dura than that in the arachnoid and was similar to
the activity in the skin. We then induced SAH in rats by injecting autologous arterial blood into cisterna magna. After SAH,
we observed an increase in prolyl 4-hydroxylase activity of the arachnoid and the dura at 1 week. At this time point the
enzyme activity in both tissues was 1.7^1.8-fold compared to that in the controls and after this time point the activities
declined but remained slightly elevated at least till week 4. The rate of collagen synthesis was measured in vitro by labeling the
tissues with [3H]proline. The rate increased to be 1.7-fold at 1 to 2 weeks after the SAH in both of the tissues.
Immunohistochemically we observed a deposition of type I collagen in the meninges at 3 weeks after the SAH. SAH is
followed by a transient increase in the rate of collagen synthesis in the arachnoid and, surprisingly, also the dura. Increased
synthesis also resulted in an accumulation of type I collagen in the meningeal tissue, suggesting that the meninges are a
potential site for fibrosis. The time schedule of these biochemical and histological events suggest that meningeal fibrosis may
be involved in the pathogenesis of late post-hemorrhagic hydrocephalus. ß 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction
In subarachnoid hemorrhage (SAH), arterial
blood, a material foreign to the subarachnoid space,
comes into contact with the leptomeningeal cells,
evoking an in£ammatory response. In experimental
animals, a rapid cellular reaction occurs in the me-
ninges after an injection of de¢brinated erythrocytes
into the subarachnoid space [1]. In humans, CSF
studies have demonstrated time-dependent changes
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in certain cytokine concentrations [2,3]. These factors
mediate in£ammatory response and further act as
mediators of normal tissue repair as well as tissue
¢brosis in various experimental and clinical situa-
tions [4].
The healing of a dermal wound, which is the gen-
eral model of tissue repair, is a coordinated sequence
of biologic events consisting of an in£ux of in£am-
matory cells and ¢broblasts, a formation of new ex-
tracellular matrix and blood vessels, and, ¢nally, a
proliferation of cells to reconstitute the tissue [5].
Tissue ¢brosis follows a similar pattern regardless
of the causative agent and regardless of the tissue
involved. Fibrosis is due to an excess in the biologic
events involved in normal tissue repair and the accu-
mulation of extracellular matrix in tissues is thus the
chief pathologic feature of ¢brotic disorders [6]. Me-
ningeal ¢brosis has been demonstrated histologically
in dogs following experimental SAH [7] and in
autopsy samples from humans that died of SAH [8].
Collagens, ¢bronectin and proteoglycans are the
matrix proteins that are deposited in ¢brosis, the
di¡erent collagens being the most abundant among
them. Collagens are a diversi¢ed group of extracel-
lular matrix proteins that contain at least one do-
main in the characteristic triple-helical domain
[9,10]. The triple helix is formed during the biosyn-
thesis of collagen and it is a prerequisite for the
proper secretion of the procollagen, the precursor
molecules of collagen. Failure to form the triple helix
results in an accumulation of procollagen chains in
the cell and a retarded rate of secretion of structur-
ally un¢t molecules to the extracellular space [11^13].
An absolute requirement for the triple-helical confor-
mation of collagen to be formed at body temperature
is a de¢nite amount of 4-hydroxyproline in each of
the composite K-chains. 4-Hydroxyproline is formed
in a post-translational modi¢cation reaction of pro-
line catalyzed by prolyl 4-hydroxylase [11]. This en-
zyme thus plays a crucial role in the biosynthesis of
collagen, and although it is not a rate-limiting en-
zyme, the measurement of prolyl 4-hydroxylase ac-
tivity has been used as an indicator of an increased
rate of collagen biosynthesis in tissues both in nor-
mal conditions and in tissue ¢brosis [12].
A signi¢cant proportion of the extracellular matrix
of the meninges is composed of di¡erent collagens
[14], suggesting that the meninges have a potential
for tissue repair and ¢brosis. Indeed, we have shown
that SAH in humans is followed by a several-fold
increase in type I and type III procollagen propeptide
concentrations in the cerebrospinal £uid (CSF) [15].
Furthermore, arachnoidal ¢brosis has been suggested
to be involved in the pathogenesis of late post-hem-
orrhagic hydrocephalus following SAH [16]. How-
ever, there are no biochemical data on meningeal
collagen synthesis or on the contribution of the two
meningeal layers on the total collagen synthesis.
Therefore, we examined here the rate of collagen
synthesis in the arachnoid and the dura in the rat
and studied the time schedule and the localization
of the increased collagen synthesis following an ex-
perimental SAH. For this purpose, we measured the
activity of prolyl 4-hydroxylase in the dura and the
arachnoid as well as the rate of collagen synthesis in
vitro. The deposition of the newly-synthesized type I
collagen in the meninges was studied by using immu-
nohistochemistry.
2. Materials and methods
2.1. Experimental animals
Previous data indicate that the activity of prolyl
4-hydroxylase is highest during the ¢rst month of life
in the rat and remain fairly constant from the age of
3 months onward [17]. Therefore, male Sprague^
Dawley rats (age 3 months, weight 350^400 g) were
used for this study. The rats were anesthesized with
an intraperitoneal injection of 3.3 ml/kg of a solution
containing 2.5 mg/ml of £uanisone, 0.05 mg/ml of
fentanyl and 1.25 mg/ml of midazolam. Subarach-
noid hemorrhage was induced with 0.3 ml of autol-
ogous arterial blood that was injected into the cister-
na magna through a burr hole in the occipitoparietal
suture [18]. Each animal received 0.1 mg/kg of bu-
prenor¢n subcutaneously as an analgesic on the ¢rst
post-operative day. After 1 to 4 weeks, the rats were
killed by carbon dioxide inhalation. The calvarium
was excised on the lateral aspects and removed. The
arachnoid and the dura were completely dissected
constituting one sample, respectively, and were fro-
zen in liquid nitrogen. Untreated animals were used
as controls. In order to verify that the injection of
blood into the subarachnoid space was properly car-
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ried out, 0.3 ml of Omnipaque containing 300 mg of
iodine/ml (Nycomed, Herlev, Denmark) was injected
into the cisterna magna of two rats. Roentgenograms
demonstrated an even distribution of the contrast
medium in the cerebral and spinal subarachnoid
space (not shown).
For the histological studies, the rats were killed at
1 to 4 weeks after the induction of the SAH. A bone
£ap was ¢rst excised from the parietal bone taking
care that the meninges remained intact. The rat was
then decapitated, the head was dissected from extra-
neous tissue, and the head was frozen in liquid nitro-
gen. Using a saw, a wedge-shaped sample was then
cut containing the dura on top, the arachnoid and
part of the brain. Some samples of the arachnoid and
the dura were obtained separately as described
above.
For the comparison of prolyl 4-hydroxylase activ-
ity in the meninges to that in the skin, lung and liver,
the enzyme activity was assayed in tissues dissected
from 2-month-old rats.
The study protocol was approved by the local au-
thorities and the animal experiments were carried out
in the facilities of the Laboratory Animal Center of
the University of Oulu.
2.2. Assay of prolyl 4-hydroxylase activity
For the prolyl 4-hydroxylase activity assay, dura
and arachnoid samples were homogenized with Ul-
tra-Turrax for 5 s 3 times in a bu¡er containing 0.2
M NaCl, 50 mM Tris^HCl (pH 7.5), 50 WM dithio-
threitol and 0.1% Triton X-100. The homogenates
were incubated at +4‡C for 30 min and then centri-
fuged at +4‡C at 15 000Ug for 30 min. Prolyl 4-hy-
droxylase activity was determined by incubation with
[3H]proline-labeled unhydroxylated collagen pre-
pared from 17-day-old chick embryo tendons
[17,19]. The 4-[3H]hydroxyproline formed during
the enzyme reaction was then assayed using a radio-
chemical method [20]. The protein content was meas-
ured by a colorimetric method [21]. Using the tissue
extraction method described above, approximately
110 Wg of soluble protein/mg tissue wet weight was
extracted from both the dura and the arachnoid.
To account for possible contamination of the
arachnoid sample by CSF, the activity of prolyl
4-hydroxylase in the tissue homogenate was assayed
in the presence of various concentrations of human
CSF. The CSF did not inhibit the enzyme up to a
concentration of 25% (v/v).
2.3. In vitro labeling of dural and arachnoidal tissue
Subarachnoid hemorrhage was induced in
3-month-old rats that were then killed in groups of
three at 1 to 4 weeks later. Three non-treated rats
served as controls in each experiment. The dura and
arachnoid samples were dissected separately and
rinsed in cold phosphate-bu¡ered saline. The tissue
samples were then placed in 1 ml of Dulbecco’s
modi¢ed Eagle’s medium supplemented with 10% fe-
tal calf serum, 290 Wg/ml of glutamic acid, 50 Wg/ml
of ascorbic acid, 100 U/ml of penicillin, 100 Wg/ml of
streptomycin and 50 Wg/ml of L-aminopropionitrile
(Sigma, St. Louis, MO, USA). The samples were
preincubated for 1 h at 37‡C in a humidi¢ed cham-
ber under an atmosphere of 95% O2 and 5% CO2.
The medium was then removed and replaced with
1 ml of fresh medium with similar composition, but
supplemented with 20 WCi of [2,3,4,5-3H]proline
(Amersham, Bucks, UK). The tissue cultures were
labeled for 4 h, after which the medium was removed
and the tissue samples were rinsed twice with phos-
phate-bu¡ered saline (PBS) that were combined with
the medium. Preliminary studies demonstrated that
the medium contained approximately 6% of the non-
dialyzable 4-[3H]hydroxyproline and approximately
25% of the nondialyzable [3H]proline. The tissue
samples were then homogenized in 1 ml of 0.5 M
acetic acid with Ultra-Turrax. The homogenates
were centrifuged at 4‡C at 10 000 rpm for 30 min.
Half of the supernatant and the pellet as a whole
were hydrolyzed in 6 N HCl overnight and assayed
for 4-[3H]hydroxyproline [20] and for total radioac-
tivity.
2.4. Indirect immuno£uorescence labeling
Frozen sections, 5^7 mm thick, were cut on sila-
nated glass slides. Prior to immunolabeling, the sec-
tions were ¢xed in 100% ethanol at 320‡C, rehy-
drated in 95% and 70% ethanol at room
temperature, and balanced in PBS for 5^10 min.
To prevent non-speci¢c antibody binding, the sam-
ples were incubated with pig serum for 30 min. Pri-
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mary antibodies were appropriately diluted in PBS
containing 1% albumin, and the samples were ex-
posed to the antibodies for 1 h at room temperature.
The specimens were washed in PBS for 1 h with ¢ve
changes and subsequently incubated with tetrameth-
yl-rhodamineisothiocyanate (TRITC)-conjugated
swine anti-rabbit IgG (Dako, Glostrup, Denmark).
In control reactions, the primary antibodies were re-
placed with non-immune rabbit serum (diluted 1:100
with PBS), or non-diluted pig serum, or 1% bovine
serum albumin in PBS. The samples were observed
and photographed with Leitz Aristoplan microscope
equipped with an epi-illuminator, ¢lters for TRITC-
£uorescence, and camera attachment. In all controls,
only a faint uniform background £uorescence was
observed. For immunohistochemical studies poly-
clonal rabbit antibodies to human type I and III
collagens (Institut Pasteur de Lyon, Lyon, France)
were used.
2.5. Statistical methods
The normality of the distributions was veri¢ed ¢rst
by using the Kolmogorov^Smirnov test with Lillie-
fors signi¢cance correction. Most of the variables
were found to be normally distributed and, therefore,
statistical analysis was carried out by using one-way
analysis of variance (ANOVA) to detect the di¡er-
ence between several groups. When appropriate,
prolyl 4-hydroxylase activities between two groups
were compared by using a t-test.
3. Results
3.1. Activity of prolyl 4-hydroxylase in the meninges
and certain other tissues in the rat
The activity of prolyl 4-hydroxylase in the me-
ninges was ¢rst compared with that in three other
tissues in 2-month-old rats (Table 1). The speci¢c
activity of prolyl 4-hydroxylase in the dura was ap-
proximately 3-fold higher than that in the arachnoid.
The highest activities were found in the dura and in
the skin. Prolyl 4-hydroxylase activity in the arach-
noid was comparable to that in the lung, while the
enzyme activity in the liver was signi¢cantly lower.
3.2. Prolyl 4-hydroxylase activity in rat meninges
after subarachnoid hemorrhage
Experimentally induced SAH resulted in time-de-
pendent changes in the activity of prolyl 4-hydroxy-
lase in the arachnoid (P = 0.001; ANOVA) and the
dura (P6 0.001; ANOVA) (Table 2). In the arach-
noid, prolyl 4-hydroxylase activity at week 1 after the
SAH was 1.7-fold higher than that in the controls,
whereas no di¡erence was found between the activ-
ities at weeks 2 to 4. In the dura, we observed a 1.8-
fold increase in prolyl 4-hydroxylase activity at week
1. At weeks 2 to 4 after the SAH the enzyme activity
Table 2
Prolyl 4-hydroxylase activity in the arachnoid and the dura of the rat following experimetal SAH
Number of animals (n) Prolyl 4-hydroxylase activity (d.p.m.U1033/mg protein)
Experimental group Archnoid Dura Arachnoid Dura
Controls 11 16 22.4 þ 4.9 48.4 þ 7.3
SAH 1 week 9 9 38.8 þ 11.8 86.3 þ 24.9
SAH 2 weeks 10 14 27.7 þ 6.6 67.1 þ 15.0
SAH 3 weeks 7 8 26.0 þ 8.3 48.7 þ 14.5
SAH 4 weeks 8 8 27.6 þ 7.3 63.4 þ 15.6
The values are mean þ S.D. Meningeal samples were obtained at the time points indicated following the induction of the SAH.
Table 1
Prolyl 4-hydroxylase activity in various tissues in 2-month-old
rats
Tissue Number of
animals (n)
Prolyl 4-hydroxylase activity
(d.p.m.U1033/mg protein)
Arachnoid 9 27.9 þ 14.5
Dura 9 83.9 þ 29.2
Liver 6 10.5 þ 3.8
Lung 6 29.9 þ 15.3
Skin 6 76.4 þ 36.9
The values are mean þ S.D.
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still remained elevated by 30% compared to the con-
trols.
Preliminary experiments demonstrated that 0.3 ml
of blood readily induced prolyl 4-hydroxylase activ-
ity in the dura, and this volume was then used
throughout the studies. In a control experiment we
found that 0.1 and 0.2 ml of blood did not increase
the enzyme activity of the dura (n = 8 animals in each
group) at week 1 after the SAH. In a second control
experiment we found that a parietal drill hole with-
out injection of foreign material did not have an
e¡ect on prolyl 4-hydroxylase activity. Furthermore,
a volume e¡ect was excluded by showing that an
injection of 0.3 ml of saline did not lead to an in-
crease in prolyl 4-hydroxylase activity (n = 7 animals
in each group).
3.3. Biosynthesis of collagen in rat meninges
The rate of collagen synthesis was studied using in
vitro incubations of rat arachnoid and dura and de-
termining the rate of post-translational synthesis of
peptide-bound hydroxyproline. The tissues were dis-
sected at various time points after the induction of
SAH, and the samples were incubated in the presence
of [3H]proline. The rate of collagen synthesis, ex-
pressed as the total production of 4-hydroxy-
[3H]proline in fmol/mg soluble protein per hour,
was similar in the dura and the arachnoid of the
controls (Fig. 1; time point 0 week). At 1 and 2
weeks after the SAH, the rate of collagen synthesis
in the dura and the arachnoid was 1.7-fold higher
than that in the controls, while by week 4 the syn-
thesis rates in rats with SAH were similar to those in
the controls (Fig. 1).
3.4. Immunohistochemistry of the rat meninges
Preliminary experiments with antibodies to type I
and type III collagen, respectively, demonstrated that
the antigen of type I collagen was readily detectable
in the meninges. Following SAH there was no di¡er-
ence in the samples obtained at 1 and 2 weeks com-
pared to the controls. On the other hand, at 3 weeks
we observed a signi¢cant increase in the immunosig-
nal for type I collagen. The pattern of signal was
nodular in most cases at this time point. The samples
at 4 weeks were also obtained separately. The immu-
nohistologically detectable type I collagen could be
demonstrated both in the arachnoid and the dura
(Fig. 2).
4. Discussion
We observed an increase in collagen synthesis and
deposition in the meninges following an experimental
SAH in the rat. The observation was veri¢ed at three
di¡erent levels of collagen biosynthesis. Firstly, prol-
yl 4-hydroxylase activity was increased almost 2-fold
in the arachnoid and the dura. The 4-hydroxyproline
residues formed in the reaction catalyzed by this en-
zyme are an absolute requirement for the stability
and proper secretion of procollagen molecules and
there is therefore usually a good correlation between
the amount of enzyme activity and the rate of colla-
gen synthesis in various cells and tissues [12]. Sec-
ondly, we observed a comparable increase in the
rate of collagen synthesis in vitro in rat meninges.
Thirdly, we observed deposition of type I collagen
in the connective tissue matrix of the meninges.
The results are thus compatible with a tissue repair
reaction with de novo synthesis of collagen and its
subsequent deposition into the tissues. Our results
further suggest that the meninges are a site for active
Fig. 1. The rate of collagen synthesis in the arachnoid (open
symbols) and the dura (solid symbols) in vitro. The tissue sam-
ples were obtained at the time points indicated following the
SAH and they were labeled in vitro with [3H]proline. The
amount of 4-[3H]hydroxyproline synthesized was determined
and expressed as per mg of protein per hour. Values are
mean þ S.D. of triplicate determinations of a typical experiment.
Comparison between the groups yields P6 0.05, Kruskall^
Wallis test.
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collagen synthesis, as the prolyl 4-hydroxylase activ-
ity in the dura was comparable to that in the skin
and the activity in the arachnoid was comparable to
that in the lung.
An experimental model analogous to the one we
have used here is pulmonary ¢brosis that follows a
single intratracheal administration of bleomycin. The
injury is characterized by an initial alveolitis with
recruitment of in£ammatory cells, such as macro-
phages, granulocytes and lymphocytes [22]. These
cells secrete cytokines, transforming growth factor
L1 (TGF-L1) being the most important of them,
that act as mitogens and chemoattractants for ¢bro-
blasts [23,24]. SAH is also accompanied by an in-
£ammatory reaction. In the dog, a rapid cellular re-
action occurs in the meninges after an injection of
Fig. 2. Immunohistochemistry of type I collagen in rat meninges following experimental SAH. Samples were obtained at time point
indicated below following the induction of the SAH. Samples (A^D) have been prepared en bloc to preserve the continuity of the
dura, the arachnoid and the brain. The outer surface of the dura is visible in B and C. The nodular immunosignal is indicated by ar-
rows in D. (A) Control, (B) 1 week, (C) 2 weeks and (D) 3 weeks after the induction of SAH. The arachnoid and the dura were dis-
sected separately for samples E and F, respectively, 4 weeks after the induction of the SAH. A^E, U125; F, U250.
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de¢brinated erythrocytes into the subarachnoid space
with polymorphonuclear cells dominating for the
¢rst 24 h and mononuclear cells dominating after
this time point [1]. Furthermore, CSF studies in hu-
mans have shown a marked increase in interleukin-6
after SAH [2]. In bleomycin-induced pulmonary in-
jury, the in£ammatory phase is then followed by ¢-
brosis. The biochemical changes of ¢brosis are most
prominent between the weeks 1 and 2 after the in-
jury, and they include an increase in the collagen-
speci¢c mRNAs [25^27], an increase in the rate of
collagen biosynthesis [26,28,29] and an increase in
prolyl 4-hydroxylase activity [28]. The lung collagen
content begins to increase at 2 weeks after the injury
[28,30,31] and after 8 weeks the increase is evident
histologically [32]. On the basis of our own data, the
repair reaction of the extracellular matrix in the me-
ninges after SAH appeared to follow a similar time
schedule as the bleomycin-induced pulmonary ¢bro-
sis both in terms of the synthesis and the deposition
of collagen. Furthermore, our results suggest that the
meninges have a marked potential for ¢brosis.
The rate of basal collagen synthesis was similar in
the dura and the arachnoid in vitro and, after the
SAH, the increase of the synthesis was 1.7-fold at
weeks 1 to 2 in both tissues. In both tissues we ob-
served a good correlation between the changes in the
activity of prolyl 4-hydroxylase and in the rate of
collagen synthesis. In the arachnoid, however, the
speci¢c activity of prolyl 4-hydroxylase was 56% low-
er than that in the dura. Control experiments dem-
onstrated that this ¢nding was not due to inhibitors
of the enzyme present in the CSF. This ¢nding may
re£ect di¡erences in the two layers in their cell pop-
ulations responsible for collagen synthesis. Histolog-
ically, the various cell types of the dura and the
arachnoid show di¡erent morphological characteris-
tics [14]. Most of the cells in the dura appear to be
typical ¢broblasts, whereas the leptomeningeal cells
are considered as modi¢ed ¢broblasts. These cell
populations also have a di¡erent embryological ori-
gin, as the ¢broblasts are mesodermal derivatives and
the leptomeningeal cells are contributed to, at least in
part, by neural crest neuroectodermal cells [33]. The
leptomeningeal cells have actually been shown to se-
crete some major brain-derived CSF proteins [34].
Currently, however, the participation of the di¡erent
cell populations in the synthesis of collagen in the
dura and the arachnoid is unknown, as is also the
identity of the speci¢c collagen types synthesized by
these cells.
The deposition of the newly-synthesized type I col-
lagen in the meninges was ¢rst observed at week 3
following the SAH. Interestingly, the immunosignal
of type I collagen in the meninges was nodular in
shape, suggesting that a nidus of ¢brosis was present
in the tissues. Such a nidus could be the Pacchionian
granulations that are the main site for the out£ow of
CSF from the subarachnoid space and that have
been shown to collect red blood cells in the initial
phase of SAH [35]. Furthermore, the Pacchionian
granulations contain relatively dense connective tis-
sue trabeculae and scattered macrophages and have
been proposed to be a site for minor in£ammation
[35], suggesting that they have a potential for ¢bro-
sis. Indeed, immunohistological study on meninges
from humans that died of SAH has shown that
arachnoid granulations become ¢lled with dense de-
posits of extracellular matrix [8]. Fibrosis of the Pac-
chionian granulations would explain our unexpected
¢nding that the collagen synthesis was increased also
in the dura following SAH. The method used in the
dissection of the samples for the biochemical analy-
ses results in the cleavage of the dura and arachnoid
through the dural border cell layer [14]. Therefore, it
is possible that the leptomeningeal protrusions, vil-
lous formations and Pacchionian granules, are con-
tained in the dura samples and the observed increase
of collagen synthesis in the dura would re£ect the
¢brosis of the arachnoid protrusions. However, fur-
ther histological data will be needed to establish
whether the Pacchionian granulations are a site for
increased deposition of collagen following SAH.
The increase of collagen synthesis and deposition
in the meninges following SAH most likely repre-
sents a transient reparative process following an in-
jury, being thus similar to wound healing. Such a
¢broproliferative reaction appears to occur inevitably
after SAH, as an increase in meningeal collagen syn-
thesis was found in every rat and as an increase in
the concentrations of two procollagen propeptides in
the CSF has been found in every patient after SAH
(Sajanti, Heikkinen, Majamaa, unpublished observa-
tions). However, arachnoid ¢brosis has been sug-
gested to be involved in the pathogenesis of late
post-hemorrhagic hydrocephalus following SAH
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and, interestingly, development of hydrocephalus has
been demonstrated in the mouse after intracerebral
injection of the ¢brogenic cytokine TGF-L1 [36].
Late post-hemorrhagic hydrocephalus is a complica-
tion that a¡ects 10^15% of those patients who sur-
vive the acute stage of SAH [37,38]. We have pre-
liminary data to suggest that high concentrations of
the procollagen propeptides in the CSF following
SAH are, indeed, associated with the development
of hydrocephalus (Sajanti, Heikkinen, Majamaa, un-
published observations). Our present results show
that the meninges have a de¢nite potential for ¢bro-
sis. An accumulation of the extracellular matrix and
¢brosis of the meninges may interfere, for instance,
with the function of the villous formation in the
drainage of the CSF, leading to hydrocephalus.
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